Non-thermal Sunyaev-Zeldovich signal from radio galaxy cocoons by Acharya, Sandeep Kumar et al.
MNRAS 000, 1–12 (2020) Preprint 9 September 2020 Compiled using MNRAS LATEX style file v3.0
Non-thermal Sunyaev-Zeldovich signal from radio galaxy
cocoons
Sandeep Kumar Acharya,1? Subhabrata Majumdar,1† Biman B. Nath2‡
1Department of Theoretical Physics, Tata Institute of Fundamental Research, Mumbai 400005, India
2Raman Research Institute, Sadashiva Nagar, Bangalore 560080, India
Accepted XXX. Received YYY; in original form ZZZ
ABSTRACT
Energetic electrons in the cocoons of radio galaxies make them potential sources for
not only radio and X-rays but also Sunyaev-Zeldovich (SZ) distortions in the cosmic
microwave background (CMB) radiation. Previous works have discussed the energetics
of radio galaxy cocoons, but assuming thermal SZ effect, coming from the non-thermal
electron population. We use an improved evolutionary model for radio galaxy cocoons
to estimate the observed parameters such as the radio luminosities and intensity of
SZ-distortions at the redshifts of observation. We, further, quantify the the effects of
various relevant physical parameters of the radio galaxies, such as the jet power, the
time scale over which the jet is active, the evolutionary time scale for the cocoon, etc on
the observed parameters. For current SZ observations towards galaxy clusters, we find
that the non-thermal SZ distortions from radio cocoons embedded in galaxy clusters
can be non-negligible compared to the amount of thermal SZ distortion from the intra-
cluster medium and, hence, can not be neglected. We show that small and young (and
preferably residing in a cluster environment) radio galaxies offer better prospects for
the detection of the non-thermal SZ signal from these sources. We further discuss the
limits on different physical parameters for some sources for which SZ effect has been
either detected or upper limits are available. The evolutionary models enable us to
obtain limits, previously unavailable, on the low energy cut-off of electron spectrum
(pmin ∼ 1–2) in order to explain the recent non-thermal SZ detection (Malu et al.
2017). Finally, we discuss how future CMB experiments, which would cover higher
frequency bands (>400 GHz), may provide clear signatures for non-thermal SZ effect.
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1 INTRODUCTION
Studying the distortion of the cosmic microwave background
radiation (CMB) through the Sunyaev-Zel’dovich effect (SZ
effect) (Zeldovich & Sunyaev 1969) has become a main-
stay of modern cosmology. The inverse Compton scatter-
ing of the CMB photons by energetic electrons has opened
up a new window of probing the warm and hot gaseous re-
gions of the universe (Birkinshaw 1999; Aghanim et al. 2008;
Mroczkowski et al. 2019). Being complementary to the tra-
ditional X-ray observation of these ionized regions, SZ effect
not only enables a robust determination of their physical
properties, but also makes it possible to study them at high
redshift, and consequently, study their evolution. The inten-
sity of distortion of CMB does not dilute with increasing
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redshift resulting from the fact that the energy density of
scattered CMB photons and the intensity of CMB photons
have same functional dependance on redshift.
Besides energetic thermal electrons in hot gas, non-
thermal relativistic gas can also produce SZ signal, whose
distinct spectral signature makes it an interesting probe of
reservoirs of such gas in the universe (Enßlin & Kaiser 2000;
Majumdar 2001). One source of energetic particles can be
radio galaxy cocoons where relativistic particles are supplied
by the radio jet (Scheuer 1974; Begelman & Cioffi 1989; Nath
1995), which was first predicted by Felten & Rees (1969)
soon after the discovery of CMB. The pressure from the
energetic particles can push out the surrounding gas with
the size of the cocoon growing to megaparsec length scales
(Baldwin 1982; Kaiser et al. 1997). Recent detection of X-
ray emission from radio lobes has been explained through in-
verse Compton scattering of CMB photons by non-thermal
relativistic electrons that are responsible for the radio emis-
sion (Croston et al. 2005; Erlund et al. 2008; Fabian et al.
© 2020 The Authors
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2009; Johnson et al. 2007; Isobe et al. 2009). These studies
have utilized the fact that relativistic non-thermal electrons
are the source for both the X-ray and the radio emission,
and can therefore deduce the magnetic fields in these ob-
jects with greater confidence than were previously possible
(Isobe et al. 2009). At the same time, the inverse Compton
X-ray points towards a concomitant distortion in the CMB.
The non-thermal SZ effect from radio galaxies was stud-
ied by Colafrancesco (2008) by inferring the shape of elec-
tron spectrum from the observed X-ray signal. This idea was
further extended by Colafrancesco & Marchegiani (2011) by
using X-ray and radio signal from radio galaxies. The au-
thors concluded that non-thermal SZ signal gives a reliable
understanding of the low energy cutoff of the electron spec-
trum to which X-ray and radio signals are insensitive. Fol-
lowing this idea, there have been searches for non-thermal
SZ signal towards radio galaxies, which have fetched upper
limits (Colafrancesco et al. 2013) until a recent detection
(Malu et al. 2017). The shape of this distortion is a func-
tion of non-thermal spectrum of these relativistic particles
(Birkinshaw 1999; Enßlin & Kaiser 2000) and is distinct from
the shape of the thermal y-distortion (Zeldovich & Sunyaev
1969). In previous works,Yamada et al. (1999) & Majumdar
(2001) had estimated the global y−distortion caused by ra-
dio galaxies to be ≈≥ 10−5, using a simple model of radio co-
coon evolution and cosmological population of radio galaxies
constructed from the Press-Schechter mass function.
In this paper, we first present an improved model for
the evolution of radio cocoons in order to predict the non-
thermal SZ signal from radio galaxy cocoons which can be
targets for upcoming SZ observations. We use the galaxy
evolution model of Kaiser et al. (1997) (KDA1997 hereafter)
with suitable modification for jet stopping as in Nath (2010)
(N2010 hereafter). We explicitly keep track of the evolu-
tion of the relativistic particles. We then calculate the non-
thermal SZ spectrum from these population of relativistic
particles. Using the procedure detailed in this work, future
observations of non-thermal SZ effect can be used to put con-
straints on the underlying physical model of radio galaxies,
for example, that on the jet luminosity and lifetime, as also
on the nature of relativistic population of electrons driven
out by the radio jet, for example, the lowest energy threshold
of the electron spectrum. The rest of the paper is arranged
as follows: In Sec 2 we lay down our model for the radio
galaxy cocoons, followed by physics related to SZ distor-
tions from non-thermal relativistic population of electrons
in Sec 3. These are combined to estimate the non-thermal
SZ from radio cocoons in Sec 4. Next, Sec 5 & 6 discuss
the degeneracies in model parameters and the prospects of
future detection of non-thermal SZ effect. We discuss our
results in 7 and, finally, conclude in 8. For calculating the
angular diameter distance in converting angular to physical
size we use H0 = 67 kms−1Mpc−1, ΩM = 0.32, ΩΛ = 0.68
(Aghanim et al. 2018).
2 MODEL FOR RADIO COCOONS
We start by assuming that the jet of the radio galaxy, which
has a luminosity Q j , injects relativistic particles through-
out the jet lifetime tj (≈ 107–8 yr), after which it ceases to
be active. The injected energy causes a cocoon around the
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Figure 1. Comparison of radio power, at 150 MHz, ob-
tained in this work (in thick lines) with the corresponding val-
ues in KDA1997 (thin lines) for the three cases as given in
KDA1997 (their Fig. 1). The parameters for the blue (dot-
dashed), red (dashed) and black (solid) lines correspond to [Q j
(ergs−1), z] = [(1047, 2 ), (1046, 0.5 ) & (1045, 0.2)] respectively
where Q j is the jet luminosity and z is the observed redshift
of radio galaxy.The spectral index of electron energy is taken to
be α = 2.15.
jet to expand against the surrounding medium. We describe
the density profile of the surrounding gas with a power law,
ρ(r) = ρ0( ra0 )−βg with βg=2 (Wang & Kaiser 2008). This
density profile can be written as, ρ(r) = Λr−2, with Λ = 1019g
cm−1 (Fukazawa et al. 2004; Jetha et al. 2007). The cocoon
non-thermal electron energy distribution is assumed to be a
power law with, n(γi, ti) = n0γ−αi dγi , where γi is the Lorentz
factor of electrons at time of injection ti , and α is the spec-
tral index. We assume the minimum γmin = 1 and the max-
imum, γmax = 106. The evolution of the radio cocoons can
be described by (Reynolds & Begelman 1997),
Q j (t) = 1
Γc − 1 (Vc
.
pc + Γcpc
.
Vc) ,
dLj
dt
=
(
pc
ρ
)1/2
, (1)
where Q j (t) is the jet luminosity which is non-zero when jet
is on (t < tj , where tj is the jet lifetime) and zero for t > tj ,
Γc =
4
3 , Vc is the volume of the cocoon, pc is the pressure in
the cocoon, Lj is the fiducial size of the cocoon and ρ is the
density of surrounding gas. We assume the axial ratio of the
cylinder shaped cocoon to be R = 2, the average observed
ratio (Leahy & Williams 1984). The volume of the cocoon
is then given by,
Vc =
pi
4R2
L3j . (2)
The magnetic and particle energy densities in the cocoon
are given by,
UB(t) = Apc(t)(Γc − 1)(1 + A) , Ue(t) =
pc(t)
(Γc − 1)(1 + A) , (3)
where A = (1 + α)/4 (Kaiser & Alexander 1997). For a com-
parison with result of KDA1997, we first consider the case
when jet is on all the time. We then proceed to compute the
radio flux at 150 MHz as a function of time or size of the
cocoon. Assuming that for synchrotron radiation, an elec-
tron emits only at the frequency ν = γ2νL , where νL is the
MNRAS 000, 1–12 (2020)
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x pmin = 1 3 5 10
0.47 (27 GHz) -0.16 -0.028 -0.011 -0.003
0.7 (39 GHz) -0.33 -0.055 -0.021 -0.005
1.7 (93 GHz) -1.08 -0.18 -0.068 -0.018
2.54 (145 GHz) -1.3 -0.22 -0.086 -0.023
4.1 (225 GHz) -0.72 -0.17 -0.069 -0.019
5.0 (280 GHz) -0.2 -0.1 -0.05 -0.013
Table 1. Value of gNT (x) as in Fig. 2 at the frequency band of
Simons Observatory (Ade et al. 2019).
Larmor frequency, we calculate the number density of elec-
trons with Lorentz factor γ150MHz which will emit at 150
MHz as a function of time t. We then find the value of γi
which were injected at time ti < t and which would have
cooled to γ150MHz at time t. The equation for evolution of
electron Lorentz factor γ is given by,
dγ
dt
= −1
3
1
Vc
dVc
dt
− 4
3
σT
mec
γ2(UB +UC ) , (4)
where σT is Thomson cross-section, me is the mass of elec-
tron, c is the speed of light, UB, UC are the magnetic energy
density and CMB energy density, respectively. The normal-
isation of particle spectrum n0 at time ti is given by (Kaiser
et al. 1997; Nath 2010),
n0(ti) = Ue(ti)mec2
∫ γmax
γmin
(γi − 1)γ−αi dγi . (5)
The number density of electrons with γ = γ150MHz, at time
t due to expansion of cocoon, is given by,
n(γ) = n0
γ2−α
i
γ2
(
pc(ti)
pc(t)
)−1
, (6)
where 1Vc
dVc
dt =
3
L j
dL j
dt and cocoons are assumed to evolve
self-similarly (as warranted by the assumption of a constant
axial ratio). Any volume segment of the cocoon at time t
can be related to pressure at time ti as,
δV(t) = (Γc − 1)Q j
pc(ti) (4R
2)(1−Γc )/Γc
(
pc(t)
pc(ti)
)1/Γc
δti, (7)
where δti is the time interval over which electrons were in-
jected. Then, the power emitted at t at 150 MHz is given by,
Pν =
∫ t
0
1
6pi
σTcUB
γ3150MHz
ν
n(γ150MHz)δV, (8)
where the integral is done over electron injection time ti . For
jet shutdown at time tj , the upper limit of integral should
be min(t, tj) (Nath 2010).
In Fig. 1, we have compared our results with the result
of KDA1997 with the jet on for all the time for three dif-
ferent cases. The differences between the solid (this work)
and dashed (KDA1997) lines are due to the fact that we
have used equation 1 instead of using a power-law solution
(Lj ∝ t3/5−β) at all times. A higher jet luminosity increases
the radio power due to a larger number of energetic particles.
This, also, increases the size of the cocoon due to an increase
in pressure owing to these particles. The initial expansion of
the cocoon is dominated by the pressure of the energetic
particles and the synchrotron and inverse Compton cooling
can be ignored. However, once the pressure drops due to
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Figure 2. Absolute value of spectral function gNT (x) for power
law distribution of electrons number density ( fe (p) ∝ p−α) with
α = 3. The lowest energy cutoff is denoted by pmin and the highest
energy cutoff is chosen to be pmax ∼ 106. Note, p =
√
(γ2 − 1).
expansion of the cocoon, the inverse Compton cooling be-
comes important. At higher redshifts, cooling by CMB pho-
tons become increasingly efficient as CMB energy density
is proportional to (1 + z)4. This can be seen in the leftward
shift in the break of slope of the curve at ∼ 1000 kpc since
there are less number of energetic electrons at γ150MHz due
to efficient cooling.
3 SUNYAEV-ZELDOVICH EFFECT FROM
NON-THERMAL RELATIVISTIC
POPULATION OF ELECTRONS
It is well known that energetic electrons can boost the CMB
photons to higher energy through inverse Compton scatter-
ing creating a distortion in the CMB blackbody spectrum.
If the energy distribution of the electrons is non-relativistic
and thermal, then the distortion has universal y-distortion
shape (Zeldovich & Sunyaev 1969). For relativistic electrons,
with a Lorentz factor γ, a photon with energy  gets boosted
to γ2 . In this case, the spectral distortion shape will be a
function of the electron energy distribution. The intensity of
the CMB spectrum per frequency is given by,
Iν(x) = 2 (kBTCMB)
3
(hc)2
x3
ex − 1 = I0I(x), (9)
where I(x) = x3ex−1 , I(x) is the dimensionless intensity, x is the
dimensional frequency which is given by x = EγkBTCMB ,where
Eγ is the energy of photon, kB is the Boltzmann constant,
TCMB is the CMB temperature, and other symbols have usual
meanings. The intensity of distorted CMB spectrum is inde-
pendent of redshift for a given population of electrons. The
CMB distortion in the optically thin limit can be written as
(Zeldovich & Sunyaev 1969; Birkinshaw 1999),
∆I(x) = ( j(x) − i(x))τ, (10)
where j(x) is the spectral intensity of photons at frequency x
after being upscattered while i(x) is the intensity of photons
at frequency x before upscattering, τ = σT
∫
nedl where ne is
the electron number density and dl is the line of sight width
of this electron population. i(x) is non-zero only for 0.1 <
MNRAS 000, 1–12 (2020)
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x < 10 because only these photons are getting upscattered.
Eq. 10 can be recast to include a y-parameter as ∆I(x) =
yg(x), where y = σT
mec2
∫
nekB
∼
Tedl with kB
∼
Te =
Pe
ne
. In order
to distinguish non-thermal spectral distortion shape from y-
type distortion (the well known thermal SZ effect), we will
refer to non-thermal distortion amplitude as yNT , such that,
∆INT (x) = yNT gNT (x), (11)
where gNT (x) is the spectral distortion function resulting
from scattering of the CMB in a non-thermal population of
clusters. The pressure for a distribution of relativistic elec-
trons is given by (Enßlin & Kaiser 2000),
Pe = ne
∫
dp fe(p)13 pv(p)mec, (12)
where fe(p) is the normalized electron spectrum i.e.∫
fe(p)dp = 1 with electron energy p =
√
(γ2 − 1), v = βc,
where γ is the Lorentz factor and β is the boost factor of
energetic electrons.The number of CMB photons which get
upscattered from energy x′ to x is given by,
N(x′− > x) = P(t, p) × 2 (kBTCMB)
2
(hc)2
x′2dx′
ex′ − 1, (13)
where P(t, p) is the kernel of the inverse Compton scattering
which captures the kinematics of photon scattering with the
electrons with electron energy p, t = xx′ . The number of CMB
photons within energy x′ and x′+ dx′ is 2 (kBTCMB)
2
(hc)2
x′2dx′
ex
′−1 and∫
dtP(t, p) = 1, which conserves the number of photons. The
formula for P(t, p) is given by (Enßlin & Kaiser 2000),
P(t; p) = −3 |(1 − t)|
32p6t
[1 + (10 + 8p2 + 4p4)t + t2]
+
3(1 + t)
8p5
[
3 + 3p2 + p4√
1 + p2
− 3 + 2p
2
2p
(2 arcsinh p − |ln t |)
]
, (14)
The spectral intensity of upscattered photons per frequency,
in frequency bin x and x + ∆x, is given by,
j(x) =
∫ ∫
fe(p)dpP(t, p) x′2dx′ex′−1 x
∆x
. (15)
Similar expression can be obtained for i(x).
In Fig. 2, we plot the absolute value of spectral function
gNT (x) for power law distribution ( fe(p) ∝ p−α) with power
law index α=3.0. The minimum electron energy in the power
law distribution is denoted by pmin. The value of gNT (x) at
specific frequencies corresponding to frequency band of the
upcoming Simons Observatory (Ade et al. 2019) is given in
Table 1.
4 NON-THERMAL SZ SIGNAL FROM RADIO
COCOONS
It is clear from the previous discussion that we need to calcu-
late the number density of relativistic electrons as a function
of the energy in order to calculate the non-thermal SZ spec-
trum for individual radio cocoons. To proceed, we use the
same strategy as used to calculate the number density of
electrons which emit at 150 MHz. We divide the range in γ
from 1 to 106 in 400 log spaced bins. Then, we use Eq. 4
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Figure 3. Number density of electrons inside a radio cocoon for
jets starting at different redshifts (z = 3, 2&1) for Q j = 1045 ergs−1
and tj = 108 yr. For each starting redshift, we show the results for
three different energy distributions given for γ = 2 (black solid
lines), 5 (red dashed lines) and 20 (blue dot-dashed lines). See
text for details regarding the abrupt fall of the γ=20 curves.
and 6 for the whole range of electron energy (or γ) at each
instant of time to calculate the number density n(γ)dγ at
that instant of time.
In Fig. 3, we plot the number density of electrons with
three different instantaneous energy with jets starting at dif-
ferent redshifts. The lowest energy electrons dominate the
total number of relativistic particles. The cooling of elec-
trons via inverse Compton is proportional to γ2UC . There-
fore, at higher redshifts electrons cool much more efficiently
via CMB photons. This can be clearly seen for γ = 20 curve
for a jet starting at redshift 2, 3, as the electron number pre-
cipitously drops after reaching z = 1, z = 2.5 respectively.
The efficiency of cooling of electrons is a strong function of
redshift (∝ (1 + z)4). Therefore, the number density of elec-
trons with the relatively higher γ = 20 falls immediately
after jet the is shut off at higher redshift (e.g. for jet start-
ing at z=3) while for jet starting at z=1, there are energetic
electrons left even after the jet is shut off.
In Fig. 4, we plot the radio power as a function of size of
cocoons with different jet starting redshifts and jet luminosi-
ties keeping tj = 108 yr. For a constant jet luminosity, radio
power is independent of the initial redshift. Since we have
assumed that the surrounding medium of cocoon has density
profiles that is independent of redshift. The fall gets sharper
with increasing redshift due to efficient cooling of the elec-
trons at higher redshifts. After the jet stops, as there are no
more energetic electrons that emit at 150 MHz, the power
falls sharply. With increasing jet luminosity, the radio power
increases as expected which is shown in Fig. 4. In Fig. 5, we
show yNT as a function of cocoon size and jet luminosity.
The expression for yNT is given by
yNT =
σT
mec2
pc × 2Lj, (16)
where the symbols carry their usual meanings. The time
taken for light to travel across the length of a cocoon is
small compared to the light travel time to reach us. There-
fore, the SZ observation of a radio cocoon gives a snapshot
of the cocoon during its evolution at the observed redshift.
With increase in cocoon size, the pressure inside the cocoon
MNRAS 000, 1–12 (2020)
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Figure 4. Radio power as a function of the size of cocoon for
a combination of jet luminosities Q j and starting redshifts. The
upper two red lines are for higher Q j = 1046 ergs−1 and lower
two black lines are for a lower Q j = 1045 ergs−1, with solid lines
corresponding to zst = 0.5 and dashed lines for zst = 1. The jet
lifetime is tj = 108 yr.
falls and, therefore, yNT decreases. With increase in jet lu-
minosity, pressure and yNT increases. The curves show that
in order to achieve yNT ≥ 10−5, either the cocoons have to
be young (i.e. smaller in size) and the jet has to be active.
In other words, it would be difficult to detect non-thermal
SZ effect from ‘dead’ radio galaxies, because their distor-
tion would be yNT ≤ 10−6. Also, giant radio galaxies with
Mpc size are not favourable. For a jet luminosity of 1046
erg s−1 or higher, radio galaxies with size ≤ 200 kpc are
favourable for non-thermal SZ detection. We note that the
cocoon size depends on the ambient density and would be
smaller for a radio galaxy residing in a cluster environment
(see also N2010), and may provide with good targets for
non-thermal SZ detection. From Fig. 5, it is interesting to
note that a small young radio cocoon of Lj ∼ 100 − 200 kpc
and Q j = 1047 ergs−1 can have an yNT equal in amplitude to
thermal SZ from hot ICM of a galaxy cluster. Then taking
into account the spectral distortion shape (see Fig. 9), the
CMB distortion by a radio cocoon inside a cluster can be a
significant part of the SZ distortion from the cluster ICM.
Neglecting any yNT woould result in a source of systematic
bias for the SZ measurements towards a cluster.
5 DEGENERACY BETWEEN PARAMETERS
OF THE RADIO COCOON MODEL
In this section, we study the degeneracy between parameters
of our radio cocoon model. Previous discussion shows that
the non-thermal SZ effect depends on the jet luminosity,
the starting redshift, and the observed redshift. We scan the
parameter space in jet luminosity (Q j) and starting redshift
of jet (zst) which will expand to a particular size at a given
redshift z. The parameter (zst) can be translated to the time
interval (∆t) after jet opening until the observed redshift. We
consider two sources for illustrative purpose: 3C 274.1 and
B2 1358+30C (Colafrancesco et al. (2013) , their Table 1),
observed at z = 0.422 and 0.206 respectively. The size of their
major axis are 460 kpc and 1400 kpc respectively. We require
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Figure 5. The non-thermal CMB distortion amplitude, yNT ,
from cocoons as a function of their size for different jet luminosi-
ties Q j . In each case, the jet starting redshift is zst = 0.5 and the
jet is evolved upto z = 0.3. The jet lifetime is tj = 108 yr.
that cocoon starting at zst > z with some Q j will grow to size
(2Lj) 460 ± 10 kpc and 1400 ± 10kpc by z = 0.422 and 0.206
respectively. We assume initial size of cocoon to be 10 kpc
which is the size of a galaxy. The degeneracy between the
jet luminosity and elapsed time after jet opening formation,
for two different jet lifetimes, which satisfies the constraint
of getting the observed cocoon size at z is shown in Fig. 6.
The luminosity is chosen to vary between 1044 ergs−1 and
1047ergs−1 (Hardcastle & Croston 2020). The inferred jet
luminosities from observed radio galaxies upto now seem
to be below 1047ergs−1. Note that for shorter jet lifetime,
luminosity has to be larger so that pressure inside the cocoon
is high enough to make it expand to a particular size. For
∆t less than 107yr, the total energy content in the cocoon
is Q j∆t irrespective of jet lifetime being 107 or 108 yr and,
therefore, the curves with the two different lifetimes merge.
Next, we plot the degeneracies between the estimated
yNT and the radio power at 150 MHz in Fig. 7 for the life-
times 107yr and 108yr. We take the same two sources de-
picted in Fig. 6. We also plot the scenario in which the radio
cocoon of size 1400 kpc is observed at z=0.6 instead z=0.206
and show how it is almost degenerate with the other radio
cocoon of size 1400 kpc, but at z=0.206. We have assumed
α = 3 for the rest of the calculations as the detected radio
galaxies used in this work have observed spectral index ∼ 3.
Compared to α = 2.3, this results in a reduction of the radio
power by more than an order of magnitude as electron pop-
ulation dies off steeply. For the range of luminosities chosen,
the radio power drops drastically before the size of cocoon
reaches ∼ 1000 kpc for tj = 107 yr as the jet dies off. Ra-
dio power is directly correlated with yNT as the synchrotron
and SZ signal comes from same population of high energy
electrons. Higher yNT corresponds to higher Q j , and conse-
quently, higher radio power, as more number of high energy
particles are emitted by the jet.
It is interesting to note that although the pressure inside
a cocoon changes as the cocoon expands, for a particular
cocoon size at any instant, both the radio power and yNT
are independent of the redshift. This may be understood
from Eq. 1. Given a particular size, since we assume the
density of the surrounding medium to be independent of
MNRAS 000, 1–12 (2020)
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Figure 6. Modelling the jet luminosity as a function of jet start-
ing redshifts (or equivalently time elapsed) for two sources se-
lected from Table 2. The evolution of the cocoons are constrained
to match with observations, i.e, to reach a given observed size at
a particular redshift of observation. The upper two lines are for
the source B2 1358+30C with a cocoon size of 1400 kpc with at z
= 0.206 and the lower two lines are for the source 3C 274.1 with
a cocoon size of 460 kpc at z = 0.422. For each source, the solid
and dashed lines are for jet lifetimes of tj = 107&108 yr. The green
cross shows that a combination of Q j ∼ 1045 ergs−1, tj = 107 yr
and time evolved of ∼ 108 yr would model the radio cocoon 3C
274.1.
redshift, the pressure inside the cocoon and, therefore yNT ,
is independent for all redshifts. Radio power is the same once
the jet lifetime is held constant and the injected particles
by the jet becomes constant for all cases. For a fixed radio
power, yNT increases with decreasing cocoon size as pressure
increases with decreasing volume. For 107yr< ∆t < 108yr, the
jet with lower lifetime stops supplying particles, which then
leads to reduction in emitted radio power for the jet with
tj=107yr compared to one with tj=108 yr. The size of the
cocoon also makes a difference. For a given jet luminosity,
the cocoon can expand to 460 kpc relatively easily compared
to 1400 kpc for tj = 107 yr while the jet is still on. Therefore,
a cocoon of size 460 kpc has significant radio power for both
lifetimes, tj=107 and 108 yr. In contrast, for a 1400 kpc sized
cocoon, there is practically no radio power for the lower
lifetime of tj=107 yr . We conclude that selecting cocoons
of high radio power and small size (which is more likely
in cluster environment, as discussed earlier) would pay off
towards detection of non-thermal SZ signal.
It is interesting to consider the recent detection of non-
thermal SZ signal from a radio galaxy by Malu et al. (2017)
assuming it to be near the bullet cluster at z ≈ 0.3. With
this assumption, the distance of the hotspot from the ra-
dio galaxy core is estimated to be ≈ 1 Mpc. The radio
power at 5.5 GHz is 4 × 1028 W, over a 2 GHz bandwidth
(S. Malu, 2020, private communication). Considering the
observed bandwidth, this implies radio power of 2 × 1019
W Hz−1. Considering the angular area of the lobe to be
4′ × 4′ ≈ 1.35 × 10−6 sr, and assuming the minor axis to be
half the hotspot distance, as in our model, the radio power
turns out to be 3× 1025 W Hz−1 sr−1. Then, with a spectral
index of −1 (corresponding to α = 3), this implies a power
at 150 MHz ≈ 5.5 × 1026 W Hz−1sr−1. This level of radio
power is shown with 15 percent measurement uncertainty
with a grey horizontal band in Fig. 8. In this figure, we also
show the radio power as a function of yNT for different jet
lifetimes tj . The jet luminosity is varied between 1044 − 1048
ergs−1. In their paper, Malu et al. (2017) reported an ob-
served non-thermal SZ distortion with y = 2 × 10−5. Note
that in our calculation, the jet luminosity has to be slightly
higher than 1047 ergs−1 to explain the observed radio power
for a 1 Mpc cocoon. The radio power for a 1 Mpc cocoon
which can be achieved by jet luminosity 1047 ergs−1 is shown
as the black cross in Fig. 8. The required jet luminosity to
explain the radio power turns out to be ∼ 3 × 1047 ergs−1.
Alternatively, the radio galaxy may be a foreground object,
in which case its size is smaller, and a smaller jet luminosity
is needed to explain this observation. In order to determine
the requirements of energetics, we fix the jet luminosity at
Q j = 1047 ergs−1 and vary the size of cocoon. We find that
for a cocoon with size 200 kpc, the radio power can be ex-
plained by Q j = 1047 ergs−1 (shown with the magenta cross
in the same figure) . This foreground object has to be, then,
located at z = 0.05 to have the observed angular size in the
sky.
We would like to point out that Malu et al. (2017) as-
sumed non-relativistic distortion in obtaining their value of
y = 2 × 10−5 . However, one actually measures ∆Iν which
can be written as,
∆Iν(x) = ygT (x) (Malu et.al. (2017))
= yNT gNT (x) (this work) , (17)
where y and gT (x) is the non-relativistic y-distortion and
the spectrum respectively, and similarly yNT and gNT (x)
for non-thermal distortions. Therefore, there is a degeneracy
between yNT and gNT (x) (or pmin) for a given ∆Iν(x). This
is true for the measurement of ∆Iν(x) at a single frequency
which was the case for the reported detection at 18 GHz.
The magnitude of gNT (x) is lower than gT (x) for all x (see
Fig. 6 of (Enßlin & Kaiser 2000)) and this difference depends
sensitively on the value of pmin. At x = 0.35 (corresponding
to frequency 18 GHz), the value of gT = 0.24 while gNT = 0.1
and 0.03 for pmin = 1 and 2 respectively (as seen in Fig. 2).
Therefore, for pmin = 1 and 2, yNT is higher than y = 2×10−5
by a factor of 2.5 and 10 respectively, and can easily reach
yNT = 2 × 10−4 for pmin = 2.
The degeneracy between yNT and pmin was already
noted in Malu et al. (2017) (their Fig. 2). They obtain an
upper limit on pmin between 5 to 10 using X-ray constraints.
Note, that their y-value is for non-relativistic SZ where the
electron spectrum (pmin) does not enter. Moreover, without
a radio cocoon evolution model, they could not relate y-value
to the size of the cocoon. In contrast, our approach of using
a detailed radio cocoon evolution model leads us to predict a
value of yNT for a given cocoon size and radio power. From
our model, yNT for 1 Mpc object turns out to be 6−7×10−5
(corresponding to jet luminosity of ∼ 3 × 1047 ergs−1). This
value of yNT is consistent with the the value of pmin = 1.
Even if we mistake the source to be a foreground object of
size 200 kpc, the obtained value of yNT from our evolution-
ary model is ∼ 2 × 10−4 which is consistent with pmin = 2.
The increase in yNT for 200 kpc cocoon as compared to 1
Mpc size cocoon necessarily leads to increase in pmin (or
decrease in value of gNT (x) at x = 0.35) such that ∆Iν(x) is
unchanged as in Eq. 17. Note, that irrespective of the degen-
eracy between yNT and pmin, an arbitrary increase in yNT
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Figure 7. yNT vs radio power at 150 MHz for two sources se-
lected from Table 2. The evolution of the cocoons are constrained
to match with observations, i.e, to reach a given observed size at
a particular redshift of observation. The dashed lines are for the
source 3C 274.1 having cocoon size of 460 kpc at z = 0.422, with
the black thick dashed line for jet lifetime tj = 107yr and thin
red dashed line for tj = 108yr. The other source, B2 1358+30C,
having size of 1400 kpc at z = 0.206, is shown with the red solid
line. Note, that B2 1358+30C would have been almost degener-
ate in yNT -radio power plane with a source of size 1400 kpc at
z = 0.6 & tj = 108 yr, shown with the blue dot-dashed line.
in our radio cocoon evolutionary model would result in the
size of the cocoon to be unrealistically small. Therefore, the
observed radio power and cocoon size (assuming the cocoon
to be at z ∼ 0.3) is consistent with yNT = 6 − 7 × 10−5 which
requires pmin ∼ 1 . This is the first estimate of the lower
energy cutoff of non-thermal electron population in radio
galaxy cocoon using SZ effect.
If we have measurements of the CMB distortions at mul-
tiple frequencies, we can directly measure the value of pmin
from the shape of distortion and break the degeneracy be-
tween yNT and gNT (x). The viability of such measurements
with upcoming CMB experiments is discussed in Sec. 6.
5.1 Comparison with Colafransesco et. al.
We compare our non-thermal SZ calculation with the radio
galaxies listed in Colafrancesco et al. (2013). The authors
assumed a static electron distribution where the electron
number density is given by,
Ne(p, r) = k0ge(r)A(p1, p2, α)p−α, (18)
The value of k0 is fixed to be 2.6 cm−3 and the average value
of observed α=3 which is obtained from fitting data to radio
and X-ray observations. The electron number density is as-
sumed to be constant, so that ge(r) = 1. A is a normalizing
constant such that
∫ p2
p1
Ap−α = 1. p1 is fixed to be 1. This
can be converted to cutoff in γ as γ =
√
(1 + p21). The size
of galaxy is assumed to be ellipsoidal with major and minor
axis as given in Table 1. The line of sight is assumed to be
the major axis. From these informations one can calculate
the optical depth for CMB photons.
In Table 2, we list the sources, their size, radio power
at 150 GHz which were considered in Colafrancesco et al.
(2013). We then predict the yNT , an estimate of tj and flux
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Figure 8. Similar to Fig. 7, yNT vs radio power at 150 MHz for
radio cocoons constrained to have size 2L j = 1 Mpc at zobs = 0.3
(to model the source observed by Malu et al. (2017)) for differ-
ent jet lifetimes. The jet luminosity is varied between 1044 − 1048
ergs−1. The grey horizontal band shows the radio power observed
by Malu et al. (2017). The black cross corresponds to the radio
luminosity and yNT which can be achieved for a 1 Mpc cocoon
with a Q j of 1047 ergs−1. In contrast, for the cocoon being closer
to us (i.e., having a lower z, see text for details) such that the
size is 200 kpc, but with the same Q j , the corresponding point is
shown by the magenta cross which touches the grey band.
for Simons Observatory at two frequencies, which are al-
lowed by our model and satisfy the size and radio flux as
given. The beam and instrument noise for Simons Observa-
tory are listed in Table 1 of Ade et al. (2019). We use the
best case scenario with specifications for LAT ( fsky = 0.4)
with FWHM as the beam. The expected noise are 6.3 and
37 µK-arcmin for the two frequencies in Table 2. The tj val-
ues listed in Table 2 should be considered as an lower limit
of jet lifetime that satisfies the constraints. We see that for
most of the sources, the required jet luminosity needs to be
higher than 1047 erg s−1. Therefore, we have allowed the
jet luminosity to vary between 1044 and 1048 erg s−1. For a
given radio galaxy size, there is a three-way degeneracy be-
tween the jet luminosity, the lifetime of jet and the starting
redshift of jet (zst) or the time-interval between jet starting
redshift and observed redshift (∆t) (Fig. 6). For a given jet
lifetime and size, we can increase ∆t by reducing jet luminos-
ity or vice versa. Therefore, a bound on jet luminosity gives
a bound on ∆t. The radio power from a galaxy drops sharply
once jet is off i.e. we should not observe radio flux if ∆t > tj .
This criteria and prior condition on jet luminosity gives a
lower bound on tj . However, radio observation does not give
an upper bound on tj since the radio cocoons becomes invis-
ible in radio as it grows too big and faint . In contrast, the
radio galaxy should be observable in SZ even after jet goes
off. Therefore, SZ observations can put an upper bound on
jet lifetimes of these radio galaxies.
6 DETECTION PROSPECTS OF
NON-THERMAL SZ WITH FUTURE CMB
EXPERIMENTS
In this section, we study the feasibility of detecting non-
thermal SZ with future CMB experiments. The distortion in
MNRAS 000, 1–12 (2020)
8 Acharya, Majumdar & Nath
source z angular size size Flux yNT tj flux (µK-arcmin) flux (µK-arcmin)
arcsec (major axis) kpc mJy yr (150 GHz) (280 GHz)
CGCG 186-048 0.063 388 485 1 2 × 10−5 5 × 107 399 (63σ) 6.1 (1.6σ)
B2 1158+35 0.55 70 462 1.3 2 × 10−4 5 × 107 130 (21σ) 20 (0.5σ)
3C 270 0.0075 577 93 113 1 × 10−5 107 441 (70σ) 68 (1.8 σ)
87GB 121815.5+.. 0.2 924 3141 0.43 1 × 10−5 108 1131 (180σ) 174 (4.7σ)
3C 274.1 0.422 89 508 30 6 × 10−4 5 × 107 630 (100σ) 174 (2.6σ)
4C +69.15 0.106 822 1646 26 1 × 10−4 5 × 107 8956 (1421σ) 1378 (37σ)
3C 292 0.71 64 473 16 8 × 10−4 5 × 107 434 (69σ) 67 (1.8σ)
B2 1358+30C 0.206 408 1421 0.28 2 × 10−5 108 441 (70σ) 68 (1.8σ)
3C 294 1.779 29 253 2 4 × 10−4 107 45 (7σ) 7 (0.2 σ)
PKS 1514+00 0.052 519 543 480 5 × 10−4 5 × 107 17851 (2833σ) 2746 (74σ)
GB1 1519+512 0.37 312 1646 22 3 × 10−4 108 3871 (614σ) 595 (16σ)
3C 326 0.0895 684 1177 22 10−4 108 6201 (984σ) 954 (26σ)
7C 1602+3739 0.814 100 778 0.33 10−4 5 × 107 132 (21σ) 20 (0.5σ)
MRK 1498 0.0547 583 639 15 2 × 10−4 5 × 107 9010 (1430σ) 1386 (37σ)
B3 1636+418 0.867 57 452 16 10−4 5 × 107 43 (6.8σ) 7 (0.2σ)
Hercules A 0.154 200 551 253 9 × 10−4 5 × 107 4772 (750σ) 734 (20σ)
B3 1701+423 0.476 120 735 1.1 10−4 5 × 107 191 (30σ) 29 (0.8σ)
4C 34.47 0.206 92 320 9.5 3 × 10−4 5 × 107 337 (53σ) 52 (1.5σ)
87GB 183438.3+.. 0.5194 69 443 3.9 3 × 10−4 5 × 107 190 (30σ) 29 (0.8σ)
4C +74.26 0.104 773 1522 94 3 × 10−4 5 × 107 23760 (3771σ) 3655 (99σ)
RG01 (Malu et al. 2017) 0.3 240 1100 7 × 10−5 2700 108 534 (85σ) 82.2 (2.2σ)
Table 2. We list the redshifts of the sources, size (major axis), radio flux at 150 GHz given in Table 1 and 2 of (Colafrancesco et al.
2013). We predict the corresponding yNT , tj and flux for the source with Simons Observatory (Ade et al. 2019) or CMB-S4 (Abazajian
et al. 2019) type experiment to match the observation of size and radio power, allowed by our model for radio galaxy. We have used the
best case noise limit (LAT, fsky = 0.4) of Simons Observatory to derive the significance of the detection. For non-thermal spectrum, we
choose pmin = 1. We have abbreviated a couple of source names to make space. Please note that for radio galaxy RG01, the flux is given
at 5.5 GHz. We also assume the source to be at z=0.3 (at the location of bullet cluster). If the source is a foreground object, then the
physical properties of the galaxy will be different (see text).
intensity Iν of CMB at a frequency ν and towards a localized
concentration of hot electrons can be written as,
∆Iν = ∆Iy + ∆Iµ + ∆IkSZ + ∆IrSZ + ∆INT , (19)
where ∆Iy is the typically dominant non-relativistic y dis-
tortion, ∆Iµ is the µ distortion, ∆IkSZ is the temperature
shift of the CMB black body due to kSZ effect (Sunyaev
& Zeldovich 1980), ∆IrSZ is the relativistic SZ signal from
a massive galaxy cluster and ∆INT is the non-thermal SZ
distortion. The expression for ∆Iy , ∆Iµ and ∆IkSZ are given
by (Zeldovich & Sunyaev 1969; Sunyaev & Zeldovich 1970;
Illarionov & Siuniaev 1975),
∆Iy = y
2hν3
c2
xex
(ex − 1)2
[
x
ex + 1
ex − 1 − 4
]
(20)
∆Iµ = µ
2hν3
c2
ex
(ex − 1)2
[ x
2.19
− 1
]
(21)
∆IkSZ = ∆T
2hν3
c2
ex
(ex − 1)2 (22)
The y-distortion can have contribution from both pre-
recombination universe as well as post-recombination uni-
verse while µ-distortion can only be created at redshifts
greater than 2 × 105. The SZ spectrum from electrons with
energy & keV is obtained by including Klein-Nishina correc-
tions for Compton scattering which can be calculated per-
turbatively as an expansion in Teme (Itoh et al. 1998; Challi-
nor & Lasenby 1998; Sazonov & Sunyaev 1998; Dolgov et al.
2001). For example, The temperature of massive galaxy clus-
ter with mass 1014 times solar mass can be ∼ 5 keV (Erler
et al. 2018), and with a typical y ∼ 10−5.
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Figure 9. The frequency dependence of various possible distor-
tions from CMB black body including the non-thermal SZ distor-
tion (green solid line). The amplitude of distortion is chosen to
be 10−6 for each type. Moreover, for the non-thermal spectrum,
we choose pmin = 1. The vertical dashed grey lines correspond to
current and upcoming CMB observational frequencies.
The unique spectral shapes of the different SZ distor-
tions can be used to separate them, hence isolating the non-
thermal SZ from other dominant CMB fluctuations, at rel-
evant angular scales. In Fig. 9, we plot the intensity of dif-
ferent distortions as discussed above. The spectral shapes
of these distortions are different from each other. Therefore,
with a multifrequency study, we can distinguish non-thermal
distortion from other forms of distortions. To check if non-
thermal distortion can be mimicked by combination of other
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Figure 10. The intensity of non-thermal distortions at the cur-
rent operational frequencies for ACT, 98 and 150 GHz (shown
with open circles), having the amplitude yNT = 10−6. The best
fit to non-thermal distortion using a linear combination of y, µ,
kSZ and rSZ distortions is shown by the solid red line, which
perfectly passes through the observed points.
distortions, we find the best fit to non-thermal distortion
shape from a linear combination of y, µ, kSZ and rSZ dis-
tortions i.e. we want to write ∆INT as,
∆INT = y∆Iy + µ∆Iµ + ∆T∆IkSZ + yrSZ∆IrSZ, (23)
where y, µ,∆T and yrSZ are the best fit parameters. The
basic idea is that if the non-thermal distortions cannot be
written as a linear combination of other forms of distortions
i.e. if there is a non-zero residual after the best fit has been
removed from total distortion, then we can detect the non-
thermal part of the total distortion as the residuals of total
distortion signal.
In Fig. 10, we plot the best fit to non-thermal distor-
tions as a combination of other distortions. The two points
are the intensity of non-thermal distortions at 98 GHz and
150 GHz which are the current operating frequency of At-
acama Cosmology Telescope (ACT) (Aiola et al. 2020). As
can be expected, two points can be fit with 4 parameters
very well. This discussion also holds true for SPTpol (South
Pole Telescope) (Austermann et al. 2012) with two frequen-
cies at 90 and 150 GHz and SPT-3G (Benson et al. 2014)
with three frequencies at 90, 150 and 220 GHz. Therefore,
we cannot distinguish non-thermal distortions from other
distortions with current observations.
In Fig. 11, we plot the best fit with six frequency chan-
nels of Simons Observatory which will start observation in
near future. For the unconstrained best fit, the best fit pa-
rameter of y, yrSZ , µ and ∆T can have positive and nega-
tive sign. With these unconstrained parameters, we have a
very good fit to non-thermal distortion. Note that even in
the absence of a galaxy cluster, the y and µ-type distortion
can be created in pre-recombination universe from acous-
tic damping, baryon cooling or injection of electromagnetic
energy from decay or annihilation of unstable particles etc.
(Chluba & Sunyaev 2012; Khatri et al. 2012; Chluba et al.
2012). While acoustic damping and injection of energy can
give rise to positive y or µ-type distortion, baryon cooling
gives rise to negative µ distortion of the order 10−8 − 10−9.
In post recombination universe, the hotter electrons in the
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Figure 11. Same as Fig. 10, but for a larger number of frequencies
at 27, 39, 93, 145, 225 and 280 GHz as proposed for the upcoming
Simons Observatory. The unconstrained fit as in Fig. 10 is shown
by red-solid line whereas constraints on the amplitude of thermal
SZ results in the blue dashed line and an additional constraint of
no kinematic SZ gives the green dot-dashed line.
structures boost CMB photons to higher energy. Therefore,
it is reasonable to assume that y and yrSZ should be positive
while the kSZ temperature shift can be positive and negative
as this distortion is produced by moving electrons. With the
constraints that y and yrSZ>0, we can still manage to have
a very good fit to non-thermal spectrum in the frequency
range 20-300 GHz. Note that, a negative kSZ temperature
shift can mimic non-thermal SZ spectrum by shifting the
null point to higher frequencies. As can be seen from Fig.
9, the shape of a negative kSZ is roughly similar to non-
thermal distortion for frequency . 300 GHz. Once, we ig-
nore kSZ with the positivity condition on y and yrSZ , we
are able to distinguish non-thermal SZ signal as there are
non-zero residual at some frequencies (Fig. 13). For an or-
der of magnitude estimate of temperature shift due to kSZ,
we consider the source Hercules A from Table 2 with highest
yNT parameter (yNT = 9 × 10−6). The optical depth of this
source turns out to be ∼ 10−4. With v/c ∼ 10−3, we see that
the distortion due to kSZ are of the order vc τ ∼ 10−7 − 10−6.
Therefore, we can safely ignore the kSZ temperature shift
and consequently will be able to differentiate non-thermal
SZ from other distortions, for this source.
For a completely unambiguous detection without any
assumption on the y, µ, kSZ and rSZ distortions, it is clear
from the above discussion that the location of the null point
of the total distortion may not be a reliable signature of non-
thermal SZ from future CMB experiments. However, as can
be seen from Fig. 9, the intensity of y, µ, kSZ and rSZ dis-
tortions after 400 GHz starts to decrease in magnitude and
approach zero while for non-thermal SZ, the spectrum is rel-
atively flat. Therefore, high frequency channels (> 400GHz)
would be able to differentiate non-thermal distortion from
others. We design a hypothetical experiment with all the
frequency band of Simons Observatory and add three more
frequency channel at 350 GHz, 500 GHz and 600 GHz. In
this setup, we are able to distinguish non-thermal distor-
tion from others without putting any constraints on best fit
parameters of y, µ, temperature shift due to kSZ and rSZ
distortions as can be clearly seen in Fig. 12 and Fig. 13.
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Figure 12. Same as Fig. 10, but for a hypothetical experiment
with the six frequencies of Simons observatory and additional
frequency bands at 350 GHz, 500 GHz and 600 GHz. A linear
combination of y, µ, kSZ and rSZ distortions can no more pass
through all the observed points.
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Figure 13. Residual after subtracting best fit linear combination
of y, µ, kSZ and rSZ distortions from non-thermal distortions
corresponding to Figs. 11 & 12.
Some of the sources listed in Table 2 can be very good
candidates for Simons Observatory or CMB-S4 experiments
due to high signal to noise ratio at 150 and 280 GHz fre-
quency bands. However, for unambiguous detection, we will
need higher frequency bands. Experiments like Probe of In-
flation and Cosmic Origins (PICO) (Hanany et al. 2019)
with many more frequency bands with noise ∼ O(1) µK-
arcmin upto 500 GHz will be extremely useful for such de-
tections.
7 DISCUSSION
For the sake of simplicity, we have assumed a constant
value of the ambient density in our radio galaxy evolution-
ary model. Realistically, the density increases with redshift,
since it should scale with the critical density, thus imply-
ing smaller sized of radio cocoons and higher radio power at
larger redshifts, but also with rapid decline in radio power
once the jet switches off. The net non-thermal SZ signal will
be larger. Note, that for particular radio galaxies considered
in this work (refer to Table 2), the estimates of radio power
and yNT will not differ significantly from those presented
here.
The SZ effect from galaxy clusters can be used as cluster
mass proxy in SZ surveys which aims at using cluster num-
ber counts and their spatial correlations to constrain cosmo-
logical parameters. However, this is crucially dependent on
establishing an unbiased SZ distortion - cluster mass scaling.
The thermal SZ effect y-distortion is the dominant distortion
for large clusters (y ∼ 10−5−10−4 for clusters of virial mass ∼
×1014M − 1015M). The non-thermal SZ signal from radio
cocoons inside the clusters can easily be a significant frac-
tion of the thermal SZ from the cluster gas and cannot not
be ignored. In the absence of observations at many different
frequencies, one needs to model the non-thermal SZ (as in
Table 2) and subtract it out from the total SZ distortion so
as to have an unbiased estimate of the SZ from the clus-
ter gas. However, if there are many observable frequencies,
then the separation of the different components can be done
by utilising their unique spectral shapes as demonstrated in
the previous section. Additionally, neglecting SZ distortions
from radio cocoons (inside clusters) would be bias the es-
timate of the Hubble Constant H0 using a combination of
SZ and XRay observations towards galaxy clusters. It is in-
teresting to note that subtracting a contribution from radio
cocoons lowers the estimate of the net SZ distortion from
the cluster gas, and pushes the the value of H0 up, in the
right direction.
Other than radio cocoons residing within clusters, ra-
dio galaxies having cocoons are ubiquitous in our Universe.
In the previous sections, we have calculated the magnitude
of distortion of the CMB spectrum from individual radio
galaxy cocoons. As a next step, we can consider an en-
semble of radio cocoons populating the universe and cal-
culate the global averaged CMB distortions. A first calcu-
lation of the average y-distortion has been done in Yamada
et al. (1999) and Majumdar (2001) assuming that the ra-
dio cocoons reside inside the dark matter halos with one-
percent halo occupational efficiency. The jet luminosity was
assumed to be equal to the Eddington luminosity of cen-
tral black hole of mass MBH with MBH = 0.002Mhalo. More-
over, Majumdar (2001) calculated the angular power spec-
trum, C` , of CMB distortions from unresolved radio galaxy
cocoons. However, these initial efforts assumed the distor-
tion to be non-relativistic y-distortion and concluded that
a cosmological distribution of cocoons with tj=107 yr to be
severely constrained due to the COBE CMB spectral dis-
tortion limit (Fixsen et al. 1996). Our calculations suggest
that in a ΛCDM universe with the current cosmological pa-
rameters, the global averaged < y >∼ 10−6 for tj = 107 yr.
Several improvements are in order to make progress - for
example, the assumed jet luminosity of their model may be
too high compared to the jet luminosity inferred from in-
dividual radio galaxies (Hardcastle & Croston 2020). Also,
the efficiency factor will not be a constant but a function of
dark matter halo mass. Our preliminary work on calculating
the two point correlation functions of SZ fluctuations imply
that the contribution from radio galaxies can be ∼ 10 per-
cent of contribution from galaxy clusters. We will present
the results for < y > and C` for a cosmological distribution
of radio cocoons in a followup work.
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8 CONCLUSIONS
We perform a detailed quantitative study of the non-thermal
hot electrons in radio galaxy cocoons, both during the life-
time of the radio jets and after the jets stop, as a po-
tential source of non-thermal SZ distortion to CMB black
body spectrum. Since the energetic particles inside the co-
coons cool via both synchrotron radiation and inverse Comp-
ton scattering, there is a correlation between emitted radio
power and expected intensity of CMB distortion at any in-
stant. Combining radio galaxy evolution models of Kaiser
et al. (1997) with suitable modification for jet stopping as
in Nath (2010), we are able to estimate the physical proper-
ties of the radio cocoons at any instant of time.
We predict the value of yNT , given the observed size and
radio power of a cocoon, from our evolutionary model by tak-
ing into account the cooling of electrons of all energy. This
is in contrast to previous works, for example Colafrancesco
et al. (2013), in which the authors inferred the value of num-
ber density of electrons from radio and X-ray observations.
Radio and X-ray observation constrain the spectrum of elec-
trons at γ > 104. The authors extrapolate the spectrum of
electrons to lower energy electrons which are responsible for
the SZ signal. We do no such extrapolation. Further, we use
the non-thermal spectrum of these relativistic particles to
calculate the distortion on the CMB for a given size and
radio power of the radio galaxy cocoons. A summary of our
predictions for 21 radio cocoons is tabulated in Table 2. The
key points of this work are summarized below :
• Although the pressure inside a cocoon changes as the
cocoon expands, for a particular cocoon size at any instant,
both the radio power and yNT is independent of redshift.
This is a consequence of assuming the density of the sur-
rounding medium to be independent of the redshift. As long
as jet is turned on, radio power is just a function of the jet
luminosity and not the jet lifetime i.e. the radio power from
two sources with tj = 107 and 108 yr are the same when both
sources are relatively young.
• The injected electrons, when the jet is on, cool effi-
ciently via inverse Compton scattering especially at higher
redshifts. After the jet shuts off, there is no more supply
of energetic electrons. Therefore, as soon as the jet turns
off, there is a steep fall of radio power as the energetic elec-
trons which are responsible for radio emission have all cooled
down.
• For a fixed radio power, yNT increases with decreasing
cocoon size as pressure is larger for smaller volume (which
leads to the expansion of the cocoon). The prospect of de-
tecting non-thermal SZ from cocoons increases if the cocoons
are young (or smaller in size) and/or jet the is active.
• A direct consequence of the above points is that radio
galaxy cocoons residing in cluster environments would be
better potential targets for non-thermal SZ detection. Sim-
ilarly, dead field radio galaxies, with large cocoon sizes, are
not favourable sources for non-thermal SZ detection.
• The analysis presented in this paper can successfully
model the recent first detection of non-thermal SZ effect
from the radio galaxy RG01(Malu et al. 2017) . This gives us
the confidence in predicting the non-thermal SZ distortion
for a further sample of 20 radio galaxy sources (in Table
2) which can be targeted by upcoming ground based SZ
searches.
• For a given intensity of distortion on the CMB, there is
a degeneracy between yNT and gNT (x). In contrast to pre-
vious studies, we can predict yNT from our galaxy evolution
model which can then constrain the value of spectral func-
tion gNT (x).
• Radio and SZ detection of radio cocoons can help de-
termine the physical properties of energetic electrons inside
the cocoons. For the non-thermal SZ detection from RG01,
we are able to constrain the value of pmin (the lowest energy
threshold of the electron spectrum) using SZ effect for the
very first time. We find pmin ∼ 1−2 is needed to explain the
observations.
• We demonstrate that future CMB experiments, with
higher frequency bands (& 300 GHz), are needed for dif-
ferentiating non-thermal SZ from radio cocoons from other
SZ distortions (for example, kSZ distortions from clusters of
galaxies). In this respect CMB S4 (Abazajian et al. 2016),
PICO (Hanany et al. 2019), CMB Bharat (CMB Bharat
Consortium 2018) would be most promising.
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